Atomic oxygen forms a metastable c(2x2) phase on Pd(lOO) under conditions of rapid adsorption (high pressure) and slow diffusion (low sample temperature). One possible explanation is that oxygen molecules require an 8-fold ensemble of empty sites for dissociative chemisorption, and that subsequent adatom motion is limited and creates no neighboring pairs of filled sites. We describe the properties of the adlayer predicted by such a model.
Introduction
It is well known that oxygen adsorbs dissociatively on Pd(lOO) at room temperature, forming two stable ordered structures: a p(2x2) with an ideal coverage of 0.25 monolayers, and a (f2xf2)R45° [also known as a c(2x2)] with an ideal coverage of 0.50 monolayers [1] [2] [3] . [One monolayer, e = 1~ is defined here as one adsorbed particle per surface Pd atom, 1.32 x 10 1 particles·cm- 2 .] The phase diagram at low coverage, e ~ 0,40, is very similar to that of oxygen on Ni (100) [4, 5] . The forces which give rise to the p(2x2) and c(2x2) phases are believed to be mainly pairwise: strong first nearest-neighbor (NN) repulsions, weak second nearest-neighbor (2NN) repulsions, and weak 3NN attractions have been postulated [3, 6] , For both Pd(lOO) and Ni(lOO), it has been reported that the adsorption probability drops close to zero at 0.25 monolayers, and because of this, exposures in excess of 50 Langmuirs are necessary to remove all traces of the p(2x2) and form the well-ordered c(2x2) [2, 4] . However, we observe that atomic oxygen can form a metastable c(2x2) structure under conditions of low sample temperature and high oxygen pressure. The metastable c(2x2) differs from the stable c(2x2), in that it is not preceded by the p(2x2) phase and it forms at a relatively low exposure.
Experimental Results
To a first approximation, the rates of dissociative adsorption and atomic diffusion vary as simple functions of two experimental parameters: gas impingement rate (gas pressure) and sample temperature, respectively. In Fig. 1 we show the development of intensity of two LEED spots as a function of oxygen exposure for various combinations of oxygen pressure and sample temperature. The (0,1/2) spot signals only the p(2x2) structure, whereas the (1/2,1/2) spot is present both for the p(2x2) and c(2x2) lattices. tures at constant (low) impingement rate and at decreasing sample temperature; Fig. ld-f show the same data at an impingement rate which is two orders of magnitude higher. In all cases but one, the p{2x2) pattern forms first and attains its maximum intensity at 0.8 to 1.3 L exposures, then fades slowly as the c{2x2) pattern develops. This sequence indicates that diffusion is fast relative to adsorption, so that the thermodynamically stable structures can form during adsorption. As sample temperature decreases the maximum intensity of the p{2x2) diminishes at both impingement rates. This trend is more marked at the higher impingement rate, as shown by Fig. 1 d-f . Figure lf represents the extreme in this trend: At an oxygen impingement rate on the order of 10l~cm-2s-l and sample temperatures of 150 to 180 K, the c{2x2) forms immediately and there is no evidence of an intermediate p{2x2) structure. This result is completely reproducible.
LEED I-V curves of the (1/2,1/2) beam are very similar both for the c(2x2) which forms under conditions of slow diffusion and rapid adsorption (Fig. lf) and the c{2x2) which forms at 300 K after exposures of several hundred Langmuirs. This indicates that the c(2x2) is due to atomic oxygen in the same adsorption site no matter how it is prepared.
Following an exposure of 1 Lin the experiment of Fig. lf , Auger electron spectroscopy shows that the coverage of OXYgen is the same as that obtained after a 1 L exposure in the other experiments: 0.25 ± 0,03 monolayers. At this coverage, the c(2x2) prepared under the conditions of Fig. lf can be annealed to 300 K, without measurable change in oxygen coverage. A p{2x2) pattern forms irreversibly during annealing. Therefore, the c(2x2) formed at low temperature and at high impingement rates is a metastable (kinetically frozen) structure which reverts to the p{2x2) when diffusion begins.
Molecular, chemisorbed oxygen has been identified as a stable species on Pd(lOO) at temperatures below 120 K [7] . Coadsorption of oxygen iso-232 topes (o! 8 and 0~6 ) identifies a thermal desorption feature at 150 K as the molecular state, based on the lack of isotopic mixing. Assuming first-order desorption kinetics and v = 1013 s-1, the molecular state has a binding energy of 9 kcal/mole [8] . Our adsorption experiments are performed at temperatures > 180 K and oxygen pressures < l0-7 Torr. The maximum equilibrium coverage of molecular oxygen is 10-4 monolayers under these conditions, i.e., the molecular chemisorbed state is not significantly populated during adsorption in our experiments.
We have also investigated aspects of the adsorption kinetics usin9 AES and TDS. The initial adsorption probability, S 0 , at 150 K appears to be close to unity and is roughly twice that at 300 K. This suggests an intrinsic precursor to dissociative chemisorption, most probably the chemisorbed molecular oxygen observed directly at lower temperature [7] , If this is true, the lifetime of the intrinsic precursor is on the order of l0-2 seconds or less in the experiments of Fig. 1 . The time between adsorption events at or near a single surface site is on the order of 103/S 0 seconds at an impingement rate of 1012 cm-2 s-1 ( Fig. la-c) , or 101;s 0 seconds at an impingement rate of 10 14 cm-2 s-1 ( Fig. ld-f ). Given that S 0 is on the order of one, the lifetime of the intrinsic precursor is clearly too short to be influenced by the variation of impingement rate in the regime of Fig. 1 . At higher coverages, S(e) decreases. The saturation coverage decreases as temperature decreases: the saturation coverage at 150 K is only ca. 0,35 monolayers.
We propose the following general model: when diffusion is fast relative to adsorption (as in Figures la-le), stable structures can form sequentially during adsorption; however, when diffusion is slow relative to adsorption (as in Fig. lf) , small metastable domains of c\2X2) form together with many domain boundaries where the oxygen concentration is low. If the time between impingement events at a single site is less than 101 s, diffusion is too slow for p(2x2) formation (Fig. lf) , but when this time is on the order of 103 s, diffusion is rapid enough that p(2x2) can form (Fig. lc) . If the necessary diffusion lifetime then is on the order of 102 s at T = 180 K, and assuming a pre-exponential factor in the diffusion rate constant of 101 3 s-1 , the activation barrier for diffusion is 12,5±1 kcal/mol. This number compares favorably with activation barriers for oxygen diffusion on Ir(lll) [9] , Rh(lll) [10] , and W(112) [11] .
The formation of the metastable c(2x2) islands under conditions of rapid adsorption and slow diffusion must result from some characteristic of the adsorption event itself. One class of models which can explain this result is based on the 8-site model of BRUNDLE et al. [6] . In the following section, we describe this class of models, and investigate the physical properties of the adlayers generated under them.
Theoretical Analysis of the Non-Equilibrium c(2x2) Adlayer Structure
Non-equilibrium c(2x2) ordering with saturation coverage much less than 0.5 monolayers can be reproduced by a class of adsorption models which assume [12] : (i) Oz dissociatively chemisorbs randomly onto empty pairs of 2NN sites for wh1ch all six NN are empty (the "8-site model" of BRUNDLE et al. [6] ); (ii) adatoms may then either remain immobile on the adsorption sites, or immediately make up to a few intersite hops to dissipate excess energy to the surface ("transient dynamics"). We assume that no NN filled pairs of sites are created by such transient hopping due to strong NN-adatom repulsions, but that this motion is insensitive to weak 2NN and 3NN interactions.
Transient dynamics may be necessary for the "hot" adatoms to lose the energy released by the dissociative adsorption event, 0.8 eV net per atom. Note that transient dynamics, as defined here, involves only a "few" hops does not lead to equilibration. This contrasts "normal" diffusion, where the adatoms are at the same temperature as the substrate, and which eventually leads to adlayer equilibration.
The evolution of the adlayer can be pictured as follows. Oxygen atoms in c(2x2) ordered regions have one of two phases. For adsorption at low e, this phase is chosen randomly for each pair of atoms, and small c(2x2) regions form accidently as adatoms end up on nearby sites of the same phase. Eventually such small regions of the same phase link to form quite large, but ramified, regions of c(2x2) order. This order is strictly short range. Percolation theoretic ideas provide a useful framework for describing this large scale structure [12] , particularly in the saturation state where adsorption has ceased since no further 8-site ensembles remain. We now present a variety of fundamental results for these models.
First we consider several fundamental local quantities such as the saturation coverage, e*, and the probability, P , of an empty 8-site ensemble. The latter determines the sticking coefficient, S [12, 13] . From simulations, we find that e* varies from a maximum of 0.36 monolayers for immobile filling, where the constituent adatoms from a single molecule end up in the same c(2x2) domain, to a probable minimum of e* ~ 0.29 for a transient dynamics prescription where at most one of the constituent adatoms makes a single hop from the adsorption site to a NN site (of different c(2x2) phase) [12] . These values are far below the ideal c(2x2) coverage of e = 0.5, in agreement with the experimental results, indicating a large number of domain boundaries. They are also comparable to the value of 0.36 obtained for e* in the process where single sites are randomly filled under a NN blocking constraint [14] . Exact expansions in time or coverage are available for P and other local quantities [12] . One finds, e.g., that the initial vafue of -dP 8 /de (which determines dS/de at e=O) varies from minimum of 6, for immobile filling, to a maximum of 8, for transient dynamics specifications where the adatoms separate "significantly" at low e. At saturation P 8 = 0 and -dP 8 /de always equals 1/4.
Characterization of size and structure of c(2x2) domains is of basic interest. One must first give an explicit definition of individual domains or islands, e.g., via a 2NN connectivity rule where filled sites in the same island must be linked by a sequence of bonds between filled 2NN sites. For the ramified domain structures formed here, a variety of size measures are appropriate [12] . These include the 2 average number of atoms, sav• and average radius of gyration squared, R v· Alternative quasi-one-dimensional measures include the average num~er of filled double-spaced sites, mav• in uninterupted horizontal/vertical strings within a single domain. Further insight into domain structure follows from the relationship between the number of perimeter sites, t, and the domain size, s. We define the perimeter of a c(2x2) domain to be those empty sites which have 2NN filled sites in the island, and determine the average of the ratio t/s. It is important to appreciate that results here are quite sensitive to whether or not calculation of averages includes weighting of the appropriate size distribution by the number of atoms in islands or strings. Note that mav• without size weighting, equals 2e/D, where D denotes the horizontal or vertical domain edge density [12] . For immobile filling (no transient mobility), Fig. 2 shows typical configurations for the adlayer state at roughly e = 0.12, 0.24, and at saturation, together with values obtained for the above quantities at these coverages by averaging over many simulations.
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Conclusions
Non-equilibrium ordering, under conditions where the adsorption rate dominates diffusion rates, is likely to be a general phenomenon which reflects ensemble (or other) requirements of the adsorption event. Comparison between the physical properties of the models described above, as well as other models which can produce non-equilibrium c(2x2) ordering [12] , and properties of real surfaces, is a subject of current investigation in our laboratory.
